Food restriction has been reported to have positive effects on cognition. This study examines how another environmental factor, daylength, can alter the impact of food restriction on the brain and behavior. Female California mice (Peromyscus californicus), housed on either long days (16 h of light and 8 h of darkness) or short days (8 h of light and 16 h of darkness), were restricted to 80% of their normal baseline food intake or provided with food ad libitum. Testing in a Barnes maze revealed that the effects of food restriction depended on photoperiod, and that these effects differed for acquisition vs. reversal learning. During acquisition testing, food restriction increased latency to finding the target hole in short-day mice but not in long-day mice. In reversal testing, food restriction decreased latency to finding the target hole in long-day mice but not in short-day mice. Latency to finding the hole was positively and independently correlated with both errors and time spent freezing, suggesting that changes in both spatial learning and anxiety-like behavior contributed to performance. Short days increased hippocampal expression of the synaptic protein, synapsin I, which was reversed by food restriction. Short days also reduced plasma corticosterone levels, but diet had no effect. There was no effect of diet or photoperiod on hippocampal expression of the glial marker, glial fibrillary acidic protein. The present findings suggest that, in female California mice, the differential effects of food restriction on acquisition and reversal learning are photoperioddependent. These results justify further testing of the relationship between food restriction and hippocampal synapsin I in the context of spatial learning.
Introduction
There is growing evidence that food restriction has important effects on the brain that affect cognition. Twelve months of food restriction improved the performance of aged mice in a radial maze (Idrobo et al., 1986) , and life-long restriction to 60% of baseline food intake improved performance of aged rats in the Morris water maze test (Stewart et al., 1989) . Intriguingly, the effects of restricted diets are not limited to aged mice, as food-restricted (FR) mice across a wide age range showed more rapid improvement and reduced variability during water maze testing than ad libitum (AL) mice (Stewart et al., 1989) . Another study found that food restriction regimens in which male mice were maintained on 80 or 65% of baseline food intake for 6 months improved learning but not memory when tested in a Y-maze (Wu et al., 2003) . These studies suggest that a calorie-restricted diet may be beneficial for spatial learning. Similar findings were obtained in a recent study on elderly women, which showed that restriction to 70% of normal baseline caloric intake improved verbal memory (Witte et al., 2009) .
Most food restriction studies reduce caloric intake by providing a certain percentage of the baseline AL diet. It has been argued that, in the context of aging, food restriction is hermetic (Masoro, 1998) , functioning like a pharmacological agent, which may have beneficial effects at low doses but is toxic at higher doses (Boxenbaum et al., 1988) . The hypothesis that food restriction is an environmental factor with pharmaceutical characteristics has prompted researchers to investigate the molecular and cellular mechanisms that exert the observed beneficial effects, so that interventions can be developed that exhibit more specific modes of action (Ingram et al., 2004; Anderson et al., 2009 ). An alternative strategy is to investigate the mechanisms affected by food restriction and how they are affected by other salient environmental stimuli. In many species, food availability is seasonally variable, and daylength (photoperiod) is used to anticipate seasonal changes in environmental conditions (Bronson, 1985; Nelson et al., 1995a) .
Photoperiod, like food availability, is an environmental factor that can impact on spatial learning. Indeed, photoperiodic changes in spatial cognition are well established in mice of the genus Peromyscus. Short days (SDs) augment spatial learning in female deer mice (Peromyscus maniculatus) (Galea et al., 1994) , and have been shown to have the opposite effect in male deer mice and white-footed mice (Peromyscus leucopus) (Galea et al., 1994; Pyter et al., 2005 Pyter et al., , 2006 Pyter et al., , 2007 . Photoperiodic effects on spatial learning and memory are also evident in avian species. Black-capped chickadees (Poecile atricapillus) engage in high levels of seed caching in the autumn, and this is dependent on spatial memory. Laboratory studies have shown increased caching activity when chickadees are transferred from long days (LDs) to SDs (Krebs et al., 1995) , and decreased caching when they are moved from SDs to LDs (MacDougall-Shackleton et al., 2003) . Therefore, it is reasonable to hypothesize that photoperiod and food availability would interact in their effects on spatial learning.
The California mouse (Peromyscus californicus) can reproduce all year round, but demonstrates peak breeding around December and May (Ribble, 1992) . It has been reported that this species may integrate food and photoperiod cues to regulate its reproductive timing (Nelson et al., 1995b) , and, as such, it may serve as a suitable model of seasonal photoperiod · diet interactions. In order to assess whether such interactions apply to spatial learning and learning, we assigned female California mice maintained in either winter-like short days or summer-like LDs to either an FR diet or an AL diet. We then tested spatial learning by use of a Barnes maze. There is growing awareness that females are understudied in neuroscience research (Zucker & Beery, 2010) and that there are important biological sex differences that affect both brain and behavior (Cahill, 2006) . Accordingly, the vast majority of studies on the effects of food restriction on spatial memory employ males, and there is some evidence that food restriction may not benefit female spatial memory to the same extent as male spatial memory (Wu et al., 2003) . The present experimental setup simultaneously explored the effects of food restriction and photoperiod on spatial learning, allowing both factors to be assessed in females.
In addition to examining behavioral parameters, we also sought to determine mechanistically how photoperiod and food restriction affect spatial learning. We assayed plasma corticosterone levels, because corticosterone can affect spatial memory, enhancing it (Pyter et al., 2007; Conboy & Sandi, 2010) or diminishing it (Schwabe et al., 2010) . We also examined the proteins synapsin I and glial fibrillary acidic protein (GFAP) in the hippocampus, an important neural locus of spatial memory (Handelmann & Olton, 1981) . Synapsin I is localized to the inner membrane of synaptic vesicles, and is involved in both the regulation of neurotransmitter release and synaptic formation (Greengard et al., 1993; Chin et al., 1995) . GFAP is a glial-specific cytoskeletal protein that is frequently upregulated in response to spatial memory-impairing hippocampal damage (de la Torre et al., 1992; Eng & Ghirnikar, 1994) . We used these approaches to gain insights into how reduced food availability influences spatial learning and whether these effects are photoperiod-dependent.
Materials and methods

Animals
Fifty-eight female California mice (P. californicus) at least 90 days of age were single-housed in polypropylene cages and randomly assigned to reside under photoschedules mimicking either SDs (8 h of light and 16 h of darkness) or LDs (16 h of light and 8 h of darkness) (lights off at 14:00 h Pacific standard time in long days and short days). Mice were further randomly subdivided into dietary groups that were restricted to 80% of their individual baseline daily food intake (FR) or that had access to food AL (2016 rodent diet; Harland Teklab, Indianapolis, IN, USA). Baseline daily food intake for each FR mouse was determined by averaging the weights of food consumed each day over a 1-week-period. Mice were maintained for 8 weeks under LD-AL (n = 19), SD-AL (n = 15), LD-FR (n = 11) or SD-FR (n = 13) conditions, and a subset of mice [LD-AL (n = 10), SD-AL (n = 7), LD-FR (n = 6) and SD-FR (n = 8)] were tested in a Barnes maze, starting at 6.5 weeks into the experiment. Approximately 24 h following the final Barnes maze trial, mice were anesthetized with isoflurane gas (Minirad, Bethlehem, PA, USA) and killed by decapitation. Brains were quickly removed and fixed in 5% acrolein (Sigma, St Louis MO, USA) in 0.1 m phosphate-buffered saline (PBS) overnight at 4°C. On the next day, brains were placed in 25% sucrose (Fisher, Pittsburgh, PA, USA) in PBS, and on the day after that, they were frozen on dry ice. Brains were subsequently stored at )40°C until being processed for immunohistochemical analysis. Two mice were killed as previously described, and the brains were rapidly removed and placed in a brain matrix, so that 2-mm-thick hippocampal sections could be obtained . Sections were placed on a freezing plate, and 1-mm hippocampal punch samples were taken, flash frozen on dry ice and stored at )40°C until being homogenized for western blotting. At the time of killing, stage of estrous cycle was determined by vaginal lavage. Some FR mice appeared to have stopped cycling, and had closed their reproductive tracts, so that they were inaccessible to lavage. These mice were presumed to be in diestrus, because vaginal closure following introitus is indicative of suppressed cycling (Whitsett & Miller, 1982; Wube et al., 2008) . All procedures were approved by the UC Davis Institutional Animal Care and Use Committee, and followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Barnes maze
Spatial learning was assessed with a Barnes maze, which is generally considered to be a less stressful test of spatial learning and memory than the Morris water maze (Barnes, 1979; Harrison et al., 2009 ). The Barnes maze was composed of a white circular board (85 cm in diameter) containing 16 equally spaced holes (5 cm in diameter) that were situated 1.3 cm from the maze's edge. As the experiment relies on subjects being motivated to escape from an open, well-lit platform, testing was conducted during the light phase of the light cycle, between 07:00 and 12:00 h Pacific standard time. For each trial, all treatment groups were run in the maze during a single testing period, and the order in which mice were tested was randomized daily. The test involved positioning a cage with fresh bedding under one of the holes on the maze (the target hole) and then placing a mouse in the center of the maze. The Barnes maze has been previously used to assess spatial learning with California mice (Bredy et al., 2004) . Each mouse was randomly assigned a target hole and was given 5 min to enter. If the mouse did not enter the target hole, the experimenter guided the mouse into the target hole, and the mouse was allowed to remain in the cage for 1 min. Day 1 was the habituation phase, in which mice were run on the maze for the usual 5 min in order to introduce them to the assigned target hole. The same target hole for any given mouse was used on days 2-5, which constituted the acquisition phase of testing. Days 6-9 constituted the reversal phase, wherein the previous target hole was moved 180°across the maze. The latency to entering the correct hole, the number of times that a mouse made an error by poking its head in an incorrect hole and the total amount of time for which the mouse was froze on the maze (starting on day 2) were recorded using Stopwatch+ (Center for Behavioral Neuroscience, Atlanta, GA, USA). Time spent freezing was recorded as an estimate of anxiety-like behavior (Crawley, 2007) . On day 10, the mice were tested in a 30-s probe trial, in which the target cage was not placed under any of the holes. The number of head pokes into incorrect holes and the reversal target hole were recorded.
Immunohistochemistry
Brain tissue was sliced on a microtome at 40 lm. Afterwards, thawed sections were stored at )20°C in cryoprotectant (50% v ⁄ v phosphate buffer, 30% w ⁄ v sucrose, 1% w ⁄ v polyvinylpyrrolidone and 30% v ⁄ v ethylene glycol) until staining. Chromogenic immunostaining for synapsin I (n = 5 per group) and GFAP (n = 6 for LD-AL mice and SD-FR; n = 5 for SD-AL and LD-FD mice) was performed on every fourth section, beginning with the rostral hippocampus and proceeding caudally approximately 640 lm for synapsin I-stained slices and 800 lm for GFAP-stained slices. All treatment groups were run simultaneously for a given antibody, negating any potential for batch differences. Tissue was washed three times in PBS for 5 min per wash, and then incubated for 10 min in 0.1 m sodium borohydride in PBS as an antigen retrieval step. Tissue was subsequently blocked in 10% normal goat serum in PBS containing 0.3% hydrogen peroxide to quench endogenous peroxidases. Sections were incubated overnight at 4°C in primary antibody solution consisting of either rabbit antisynapsin I (ab8, 1 : 500; Abcam, Cambridge, MA, USA) or rabbit anti-GFAP (ab7779, 1 : 750; Abcam) diluted in PBS with 0.5% Triton X (TX) and 2% normal goat serum. On the following morning, tissue was washed three times with PBS, and was incubated for 2 h at room temperature in a secondary antibody solution consisting of PBS-TX, 2% normal goat serum, and either biotin-conjugated goat anti-rabbit antibody (BA-1000, 1 : 500; Vector Laboratories, Burlingame, CA, USA) or horseradish peroxidase-conjugated goat anti-rabbit antibody (PI-1000, 1 : 350; Vector Laboratories) for synapsin I and GFAP sections, respectively. Synapsin I sections were washed three times in PBS, and then incubated for 30 min in avidin-biotin complex (ABC Elite kit; Vector Laboratories). All sections were washed three times in PBS before undergoing development in nickel-enhanced diaminobenzidine (Vector Laboratories) for 2 min. Following development, tissue was rinsed for 5 min in deionized water. Stained sections were mounted onto Superfrost plus slides (Fisher), dehydrated in 100% ethanol, cleared for 3 min in Histoclear (National Diagnostics, Atlanta, GA, USA), and coverslipped with Permount (Fisher). Some sections were processed with primary antibody omitted to serve as negative controls.
Image analysis
Immunostained sections were photographed through a Zeiss Axioimager (Carl Zeiss Meditec, Dublin, CA, USA) equipped with an Axiocam MRC camera (Carl Zeiss Meditec). During all quantification procedures, the observer was blind to treatment. Three to four synapsin I-stained sections were analyzed per brain. Photomicrographs were taken at ·20 magnification, all on the same day and under identical lighting conditions. The mean optical density (OD) of immunoreactive synapsin I puncta was quantified with image j (NIH, Bethesda, MD, USA) calibrated to a calibrated gray scale transmission step tablet (#T2115C; Stauffer, Mishawaka, IN, USA). Images were converted to black and white, and eight circles, each with an area of 0.002 mm 2 , were placed side-by-side in the stratum lucidum on one side of the hippocampus. Background was accounted for by measuring the mean OD in the corpus callosum of each section, using a rectangle that covered an area of 0.05 mm 2 , and then subtracting this density from the average of the mean OD for the eight circles.
Four to five GFAP-immunostained sections were analyzed per brain. With the use of image j, a square box covering an area of 0.14 mm 2 was placed in a consistent portion of CA1 and CA3, and a square box with an area of 0.08 mm 2 was positioned consistently in the dentate gyrus (DG). Percentage staining of immunoreactive astrocytes within a box was quantified with the threshold feature of image j. The threshold was set manually by determining the level at which most fibers were accounted for without including areas that did not contain fibers.
Western blotting
Western blotting was used to confirm the specificity of antibodies. Hippocampal punch samples were homogenized in lysis buffer (20 mm HEPES, 0.4 m NaCl, 5 mm MgCl 2 , 0.5 mm EDTA, 0.1 mm phenylmethanesulfonyl fluoride, and 20% v ⁄ v glycerol). Sample in lysis buffer was then diluted 1 : 2 in Laemmli buffer (Sigma) and denatured at 100°C for 3 min, after which proteins were separated by electrophoresis on a 10% sodium dodecylsulfatepolyacrylamide gel. Proteins were subsequently transferred to a polyvinylidene fluoride membrane (pore size 0.45 lm; Invitrogen, Carlsbad, CA, USA). The membrane was then blocked for 1 h in 5% skimmed milk (Oxoid, Basingstoke, UK) in Tris-buffered saline (TBS) (55 mm Tris, 150 mm NaCl, pH 7.4) with 0.1% TX. After blocking, the membrane was washed twice for 5 min each in TBS-TX before being incubated on an orbital shaker overnight at 4°C in rabbit antisynapsin I antibody diluted 1 : 1000 in TBS-TX with 2% normal goat serum. On the following day, the membrane was washed three times for 5 min each in TBS-TX, and then incubated for 2 h at room temperature in horseradish peroxidase-conjugated goat anti-rabbit antibody (PI-1000; Vector Laboratories) diluted 1 : 2000 in TBS-TX with 2% normal goat serum. The membrane was then washed three times for 5 min each in TBS-TX, and developed for 1 min with the Immun-Star WesternC kit (Bio-Rad Laboratories, Hercules, CA, USA). The membrane was viewed and photographed with a ChemiDoc XRS+ molecular Imager with image lab software (Bio-Rad Laboratories). On the following day, the membrane was incubated in stripping buffer [2% w ⁄ v sodium dodecylsulfate, 0.7% 2-mercaptoethanol, 62.5 mm Tris (pH 6.7)] for 30 min at 50°C. The membrane was washed twice for 10 min each in TBS-TX and then reblocked in 5% milk in TBS-TX at room temperature for 1 h. After being washed twice for 5 min each in TBS-TX, the membrane was incubated overnight at 4°C in rabbit anti-GFAP antibody diluted 1 : 1000 in TBS-TX with 2% normal goat serum. On the next morning, the membrane was washed, incubated in secondary antibody, and developed as described for synapsin I. The molecular masses of bands were determined by comparing their positions on the membrane with a protein ladder (Precision Plus Protein WesternC Standard; BioRad Laboratories). When the membrane was incubated in antisynapsin I antibody, a band of approximately 75 kDa ( Fig. 1) was detected, an appropriate size for the synapsin 1a isoform (Nicol et al., 1997) . A different membrane was stripped after immunoblotting, and incubated in anti-GFAP antibody, which revealed a band of approximately 50 kDa (DeArmond et al., 1986) .
Corticosterone radioimmunoassay
Trunk blood was collected at the time of killing, and was stored at )4°C until being centrifuged at 16.1 g for 12 min at )4°C. Plasma was removed by pipette and stored at )40°C until use. Duplicated samples were assayed in order to establish intra-assay variation, the mean of which was 2.3%. A single 125 I radioimmunoassay kit (ICN Biomedicals, Costa Mesa, CA, USA) was used to evaluate cortico- Photoperiod interacts with food restriction 3 sterone levels from plasma samples for each treatment [LD-AL (n = 19), SD-AL (n = 15), LD-FR (n = 11), and SD-FR (n = 13)]. This kit has a cross-reactivity of under 0.5% and has a lower detection limit of 5 ng ⁄ mL. Plasma was suspended at a dilution of 1 : 2000 in steroid diluent (MP Biomedicals, Solon, OH, USA) to compensate for the fact the kit was developed for Mus and Rattus, which tend to have significantly lower corticosterone levels than those of Peromyscus (Glasper and Devries, 2005) .
Estradiol (E2) enzyme immunoassay
Plasma E2 concentrations were determined with an enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI, USA). This assay has a sensitivity of 6.6 pg ⁄ mL, and the intra-assay coefficient of variation was 12.0%. Data were log transformed for statistical analysis. Statistical analysis was performed on samples from mice in diestrus only, because we obtained insufficient numbers of mice in proestrus and estrus.
Statistics
Latencies, errors and freezing behavior from the Barnes maze were analyzed with repeated measures anova, testing for effects of diet and photoperiod as well as the interaction. Because different neurobiological processes may be involved in reversal learning, we analyzed data for the acquisition and reversal phases separately (Shuai et al., 2010) . We also ran independent t-tests for each day of the Barnes maze (Fig. 2) . Synapsin I, GFAP and corticosterone levels were analyzed by two-way anova, testing for effects of diet, photoperiod, and photoperiod · diet interaction. Non-parametric Spearman correlations were used to determine associations between various performance measures in the maze and between hippocampal proteins and corticosterone. We used partial correlations to determine whether variance in freezing behavior and errors overlapped with respect to predicting latency. For the probe trial, we used Fisher's exact test to test whether treatments influenced the likelihood of mice making at least one head poke in the correct hole from the reversal phase.
Results
Barnes maze
During the acquisition phase of the Barnes maze, there was a significant photoperiod · diet interaction ( Fig. 2A and B ; repeated measures anova, F 1,27 = 5.96, P = 0.021). There were no significant main effects of photoperiod or diet (all P-values > 0.96). In SDs, food restriction increased latency to finding the target hole on day 4 ( Fig. 2A ; P = 0.023) and day 5 ( Fig. 2A ; P = 0.017) during the acquisition phase. In contrast, LD-FR mice had a shorter latency to finding the target hole on day 2 than LD-AL mice ( Fig. 2B , P = 0.046). Repeated measure anova indicated that only SD-AL mice showed a significant reduction in latency to entering the target hole over the course of the acquisition phase ( Fig. 2A ; Table 1 ). There was a non-significant trend for reduced latency in SD-AL mice as compared with LD-AL mice (repeated measures anova, F 1,15 = 3.86, P = 0.068). Neither errors nor freezing time changed for any group over the course of testing, although a trend for a reduced number of
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Fig. 2. (A and B) Graphs depicting latency to finding the target hole on each day of Barnes maze testing in FR and AL mice maintained under SDs (A) or LDs (B). (C and D) Graphs displaying number of errors made on each day of Barnes maze testing in FR and AL mice maintained under SDs (C) or LDs (D). (E and F)
Graphs of time spent freezing by SD (E) and LD (F) mice. Day 1 is the habituation phase. Days 2-5 constitute the acquisition phase. Days 6-9 constitute the reversal phase. *Effect of food restriction, P < 0.05.
errors approached significance for SD-AL mice (Table 1 ; F 3,18 = 3.0, P = 0.057). A significant photoperiod · diet interaction was also observed during the reversal phase of the experiment ( Fig. 2A and B ; F 1,27 = 9.65, P = 0.004), and differed from that seen in the acquisition phase. Food restriction reduced latency in LD mice on each day of reversal testing ( Fig. 2B ; all P-values <0.025). In contrast, food restriction had no effect on latency on any day of reversal testing for SD mice (all P-values > 0.2). Latency to finding the hole progressively decreased only in LD-FR mice (Table 1 ; F 4,15 = 4.44, P = 0.02). LD-FR mice also demonstrated shorter latencies than SD-FR mice (F 1,12 = 9.19, P = 0.011). There was no change in number of errors or freezing with progressive trials (Table 1) .
Repeated measures anova indicated that the number of errors made in the Barnes maze was affected neither by diet nor photoperiod, nor by interactions between these treatments, in either phase of testing ( Fig. 2C and D ; all P-values > 0.4). There were, however, consistent significant positive correlations between latency and errors, which were observed on day 3 (r = 0.41, P = 0.022), day 4 (r = 0.41, P = 0.021), day 5 ( Fig. 3A ; r = 0.55, P = 0.001), day 7 ( Fig. 3B ; r = 0.49, P = 0.005), and day 8 (r = 0.37, P = 0.042). There was a non-significant trend for a correlation on day 6 (r = 0.35, P = 0.051).
Analyses of total freezing time revealed a significant photoperiod · diet interaction during the acquisition phase ( Fig. 2E and F ; F 1,27 = 6.02, P = 0.021), with SD-AL mice freezing significantly less than SD-FR mice (F 1,13 = 7.48, P = 0.017). During the reversal phase, there were no treatment effects or interactions for freezing time (all P-values > 0.05). Freezing showed a significant positive association with latency on each day of acquisition and reversal testing (days 5 and 7, shown in Fig. 3C and D; all P-values £ 0.005). There were, however, no significant correlations between freezing time and errors ( Fig. 3E and F ; all P-values > 0.1), suggesting that even though some animals froze more, they still explored the maze and examined incorrect holes. Partial correlations confirmed that the frequent positive correlations between latency and errors were present when freezing was controlled for on each day (Supporting Information Table S1 ; all P-values £ 0.004), except for day 2 (Supporting Information Table S1 ; P = 0.270), and that the positive correlations between freezing and latency were maintained when errors were controlled for (Supporting Information Table S1 ; all P-values £ 0.002).
In the probe trial, there was a significant interaction (F 1,27 = 9.8, P = 0.004) for the total number of errors, with LD-FR mice making more errors than LD-AL mice, whereas diet had no effect in SDs. There were no main effects on errors (Table 2 ; all P-values > 0.2). There were also no main effects or interactions of diet or photoperiod for freezing time (Table 2 ; all P-values > 0.06). During the probe trial, LD-FR mice were more likely to visit the correct hole than SD-FR mice (Table 3; Fisher's exact test, P = 0.026), whereas photoperiod had no effect in AL mice (Fisher's exact test, P > 0.99).
Corticosterone radioimmunoassay
There was a main effect of photoperiod ( Fig. 4 ; F 1,57 = 13.92, P < 0.001), with SDs reducing plasma corticosterone as compared with LDs. There was neither an effect of diet nor any interaction (all P-values > 0.1). 
Short day restricted
Long day ad lib
Long day restricted # of Errors 3.1 ± 1.8 0.8 ± 0.9 0.6 ± 0.5 6 ± 2.3* Freezing (s) 10 ± 5 18 ± 4 13 ± 3 6 ± 5 *P < 0.02 when means are compared within photoperiod.
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E2 immunoassay
There was no effect of photoperiod or diet on plasma E2 concentrations in diestrus mice, and nor was there an interaction (Table 4 ; all P-values > 0.15).
Synapsin I immunoreactivity
Synapsin I expression was conspicuous throughout the stratum lucidum (Fig. 5 ) of the hippocampus, as previously described (Morioka et al., 1997; Iwata et al., 2006) . Within this hippocampal structure, the synapsin I mean OD was significantly altered by both photoperiod (F 1,16 = 7.75, P = 0.013) and diet (F 1,16 = 8.8, P = 0.009). In AL mice, synapsin I protein was significantly upregulated by SDs ( Fig. 6A ; P = 0.012); however, food restriction abolished this SD-induced increase in synapsin I immunoreactivity ( Fig. 6A ; P = 0.001). In LD mice, food restriction had no effect on synapsin I expression within the stratum lucidum (P > 0.05). The synapsin I mean OD correlated negatively with corticosterone levels ( Fig. 6B ; r = )0.45, P = 0.048).
GFAP immunoreactivity
Hippocampal GFAP expression was assessed by analyzing percentage staining (Fig. 7) . Within the CA1, CA3 and DG, no main effects or interactions were indentified (Table 5 ; all P-values > 0.1). Nevertheless, an interesting interaction emerged when GFAP immunoreactivity was correlated with corticosterone levels, as there were significant negative correlations between GFAP expression and corticosterone concentration for all hippocampal regions in AL mice [CA1 ( Fig. 8A ; r = )0.658, P = 0.028), CA3 ( Fig. 8C ; r = )0.73, P = 0.012) and DG ( Fig. 8E ; r = )0.73, P = 0.010)], whereas such correlations were non-existent in FR mice [ Fig. 8B ; CA1 (r = 0.17, P = 0.610), CA3 (Fig. 8D , r = 0.43, P = 0.183) and DG ( Fig. 8F ; r = 0.39, P = 0.232)].
Discussion
We hypothesized that photoperiod and diet would exert interacting effects on spatial learning in female California mice. Barnes maze testing showed that food restriction increased latency to finding the target hole during acquisition testing in SD mice but shortened latency for one trial in LD mice. Furthermore, food restriction had no effect on performance during reversal learning in SD mice, but improved performance in LD mice. During the acquisition phase, only SD-AL mice showed overall improvement in finding the target hole with progressive trials, whereas in the reversal phase, only LD-FR mice showed improvement. Our data suggest that differences in perfor- Fig. 4 . Plasma corticosterone levels are reduced in SD mice as compared with LD mice. *Effect of photoperiod, P < 0.001. Table 4 . The effects of photoperiod and diet on plasma estradiol levels (pg ⁄ mL) in female mice. Due to a low n, statistical analysis was not run for mice in proestrus and estrus. Three of the LD-FR and six of SD-FR mice were inaccessible to lavage and presumed to be in diestrus Estrous stage Short day ad lib Short day restricted Long day ad lib Long day restricted mance in the Barnes maze are affected by changes in both spatial memory (estimated by errors) and anxiety-like behavior (estimated by freezing). In AL mice, acquisition learning was generally improved under SDs as compared with LDs, consistent with previous data (Galea et al., 1994) . Our results demonstrate that the effects of food restriction on spatial learning are not uniform, but depend on photoperiod.
Reversal vs. acquisition learning
Reversal learning has been used as a model of adaptive forgetting, facilitating the replacement of older memories. This process appears to rely on molecular mechanisms and neuroanatomical structures that are distinct from those used to acquire memories (Thompson et al., 1981; Shuai et al., 2010) . Previous studies in rats housed under photoschedules of 12 h of light and 12 h of darkness have reported that FR diets (Gyger et al., 1992) improve reversal but not acquisition leaning. Our data suggest that this effect depends on the environment, as we observed that food restriction improved reversal learning when California mice were housed under LDs, but not when they were housed under SDs. This is consistent with results from the probe trial, which demonstrated that, under food restriction, LD mice were more likely to head poke the correct hole than were SD mice.
Contributions of spatial strategies and anxiety to Barnes maze performance
The latency to finding the target hole in the Barnes maze can be affected by spatial learning and other processes, such as activity or anxiety-like behavior. Our analyses suggest that both spatial learning and anxiety-like behavior contributed to the latency data. Latency was positively correlated with errors, suggesting that individuals with long latencies had difficulty in remembering the location of the target hole. In the probe trial, LD-FR mice were more likely than SD-FR mice to head poke the correct hole, further suggesting a role for spatial learning. However, latency was also positively correlated with freezing. This suggests that individuals with long latencies were also showing increases in anxiety-like behavior. Partial correlations demonstrated that latency was correlated with both errors and freezing independently. Similarly, errors and freezing were never correlated with each other. These data indicate that freezing and errors make independent contributions to variability in the latency to finding the correct hole. There was a significant photoperiod · diet interaction for freezing time during the acquisition phase that paralleled the interaction seen for latency, but no interaction during the reversal phase. Previous studies show that SDs increased anxiety-like behavior in an elevated plus maze in both collared lemmings (Dicrostonyx groenlandicus) (Weil et al., 2007) and Siberian hamsters (Phodopus sungorus) (Prendergast & Nelson, 2005) . In contrast, the effects of food restriction on anxiety-like behavior have been inconsistent (Jahng et al., 2007; Yamamoto et al., 2009) , further supporting the hypothesis that the effects of food restriction on behavior may depend on the environment. Photoperiod interacts with food restriction 7
Although the number of errors did not vary with treatment, a previous study with male and female California mice also found stronger changes in latency than in number of errors (Bredy et al., 2004) . Freezing behavior was not reported in that study. Although we did not measure path length, it is possible that changes in search strategy may have also affected performance. Increased glucocorticoids induce a switch from a spatial strategy to a stimulus-response strategy in C57BL ⁄ 6J mice (Schwabe et al., 2010) . In our study, it is possible that, in some cases, a spatial strategy was not the primary strategy used, and this will need to be addressed in future studies. Although LD mice had been in the light phase of the light cycle for longer than SD mice, it is unlikely that this significantly altered maze performance. Circadian timing of testing does not impact on spatial learning in a Morris water maze, or performance in various anxietybased tests (Beeler et al., 2006) , and nor does it affect locomotion in an open field test or habituation to a novel environment (Valentinuzzi et al., 2000) .
Effects of photoperiod and food restriction on the hippocampus
Previous studies have established a link between synapsin I expression and spatial memory formation (Gomez-Pinilla et al., 2001; John et al., 2009 ), so we measured synapsin I immunoreactivity. We focused on the stratum lucidum of the CA3, because this structure is a putative neural locus of spatial memory (Sudhof et al., 1989; Villacres et al., 1998; Holahan et al., 2006) . Under AL conditions, SD mice had shorter latencies than LD mice during the acquisition phase, and also had increased synapsin I activity in the stratum lucidum. In contrast, food restriction blocked the augmentation of synapsin I expression by SDs, and this could be linked to the longer latencies observed in SD-FR mice. This, taken with the finding that food restriction improved spatial memory in LD mice without affecting synapsin I expression, suggests that synapsin I in the stratum lucidum is more important for acquisition than for reversal spatial memory. Studies in Kunming mice found that a moderately restricted diet regimen (80% of AL) increased brain levels of synapsin I, but that more severe food restriction (20-40% AL) decreased synapsin I expression (Deng et al., 2009) . Therefore, SDs may make California mice more susceptible to food restriction-induced downregulation of synapsin I. Further work is necessary to determine whether synapsin I directly influences spatial memory.
Effects of photoperiod and food restriction on steroid hormones
Studies examining the effects of ovarian steroids on spatial learning and memory ability in female rodents have yielded inconsistent results (Heikkinen et al., 2004; Ping et al., 2008; Hammond et al., 2009; Luine & Rodriguez, 1994; Singh et al., 1994) . We did not detect any treatment differences for E2, suggesting that its levels do not underlie the behavioral differences observed here. The lack of a photoperiodic effect during diestrus in the present study contrasts with previous work from our laboratory, in which plasma was collected during the lightsoff period (Silva et al., 2010) . Furthermore, it is likely that the number of mice in proestrus and estrus was too small for estrous cycledependent changes in E2 levels to emerge. California mice spend the majority of the cycle in diestrus (Gubernick, 1988) , but food restriction (Tropp & Markus, 2001 ) probably impacted on the distribution of stages as well, by impairing cyclicity. Mice were not staged during maze testing, because lavage itself alters behavior (Davis & Marler, 2003; Silva et al., 2010) .
Corticosterone is known to suppress GFAP transcription and expression in the hippocampus (Laping et al., 1994) . The present findings in AL mice support this view, as there were significant negative correlations between corticosterone levels and GFAP immunoreactivity in all examined hippocampal regions. Food restriction eliminated these correlations, appearing to alter the relationship between corticosterone and GFAP.
Conclusions
Our data from female California mice indicate that the specific effects of food restriction on performance in the Barnes maze are sensitive to photoperiod. It appears that the beneficial effects of food restriction on spatial learning are biased towards reversal learning and are evident only in LD mice. In contrast, food restriction impairs acquisition learning during short photoperiods. The negative effects of food restriction in SDs are associated with reduced expression of synapsin I within the hippocampus. Future studies should further test the involvement of enhanced hippocampal synapsin I expression in spatial acquisition memory of SD mice. It is also likely that treatment-induced Table 5 . GFAP-immunoreactivity within the CA1, CA3 and dentate gyrus (DG) of the hippocampus. Short-day ad libitum and long-day restricted (n = 5); short-day restricted and long-day ad libitum (n = 6) % Stain Short day ad lib
Short day restricted
Long day ad lib Long day restricted CA1 22 ± 9 18 ± 6 17 ± 6 15 ± 6 CA3 33 ± 9 24 ± 7 22 ± 8 20 ± 9 DG 54 ± 3 51 ± 5 45 ± 4 49 ± 6
A B C D E F Fig. 8 . Graph demonstrating the significant negative correlations between plasma corticosterone levels and GFAP immunoreactivity in CA1 (A), CA3 (C) and the DG (E) of the hippocampus of AL mice. Food restriction to 80% of baseline daily intake eliminated the significant correlations between corticosterone and GFAP percentage staining (B, D and F).
changes in anxiety-like behavior affected latency to finding the target hole. Taken as a whole, this study suggests that the effects of food restriction on learning are context-dependent and influenced by the environment. Food restriction can have different effects on acquisition and reversal learning, and these effects may depend on salient environmental cues such as photoperiod.
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